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Abstract

(1=x)Bi;03(x)TiO, (x=0.05, 0.10, 0.15) materials were prepared by a conventional solid-state reaction technique. Dielectric
properties of the materials were investigated using an LCR meter in the frequency range 20-10° Hz over the temperature range
100-500 °C. Both dielectric constant and loss tangent decreased with increasing Ti content in the present system. It was observed that
dielectric relaxation peaks shift to a higher frequency with increasing temperature. Using the electric modulus equations, the relaxation
process was evaluated and a parameter o (0 < a < 1) was extracted. Furthermore, the relaxation time as a function of temperature was
calculated by an Arrhenius plot. A dielectric constant of ~ 54 was observed for sample x=0.05 due to its smaller grains and presence of

higher defects.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

High dielectric constant materials are required for
various applications due to their electronic, photocatalytic
and ferroelectric properties. In addition to the high
dielectric constant, these materials should also have a
good thermodynamic stability with low leakage current.
Leakage current depends on the thickness of the materials.
Presently, SiO, is being used as a high « gate material. It
has a high leakage current below certain thickness. There-
fore, a lot of research is going on to search for high
dielectric constant materials, with low leakage current and
better mechanical properties. Oxides of Ti, Zr, Hf and Y
are some of the materials having high dielectric constants
[1]. However, all of them require high temperature sinter-
ing. On the other hand, doped bismuth oxide can be
sintered at a low temperature with good dielectric proper-
ties because of its considerable high resistivity, permittivity
and thermal stability up to 450 °C. Bismuth oxide (Bi,O3)
has monoclinic crystal structure at room temperature, i.e.,
®-Bi,O;. This transforms to the cubic fluorite-type crystal
structure 8-Bi>O3; above 725 °C with one-quarter of the
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available anion (oxygen) sites vacant [2—4]. It was reported
that oxygen vacancies play a crucial role in relaxation and
transport phenomena in this system. The diffusion of
oxygen ions through oxygen vacancies is responsible for
conduction in §-Bi,O; systems. The hopping of oxygen
vacancy from one site to another has a close relationship
with polarization conductivity, which is attributed to
dielectric relaxation [5] since it has been observed that
each migration of O~ ions leads to dipole moment, which
involves a dielectric relaxation process [6]. The doping of
low valence cations such as Sr**, Ca®*, and Ba’* for
Bi’t enhances the ionic conductivity to create higher
oxygen vacancies for maintaining charge balance in the
system [7]. Dutta et al. [8] have investigated the dielectric
properties of Ti doped CeO, systems. The maximum static
dielectric constant is found to be ~30 in Ti doped CeO,
systems. On the other hand, Yumamura et al. [9] have
reported that Nd doping for CeO, is responsible in
suppressing the interfacial polarization in this system.
Contrary to this, the Zr doping in CeO, increases its
dielectric constants. Kiran et al. reported the variation in
dielectric constant 29-23 in (Zn,Mg)TiO5 system depend-
ing on the processing conditions [10]. Lanfredi et al.
reported that single crystals of Bi;»TiO»q exhibited a high
dielectric loss in the frequency range of 100-10% Hz [11].
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Frequency dependence of permittivity has also been
reported in (Bi,05,),,— (TiO,),, compounds. Many research-
ers also reported interesting dielectric properties of differ-
ent compounds such as Bi,Ti,O7, Bi»Ti;09, BiyTi3O;, and
Bi;,TiO5 [12—-14]. In general, it is widely accepted that the
oxygen vacancies in these systems play a very important
role in deciding their dielectric properties.

Therefore, dielectric properties of the doped Bi,O3
systems will be very interesting and worth studying for
different applications. In the present work, the effects of
systematic Ti-doing for Bi in Bi,O, systems on permittivity
with respect to frequency and temperature are investigated.
The obtained results are discussed in light of grain size,
presence of secondary phase and oxygen vacancies chan-
ging with dopant concentration.

2. Experimental details

The oxides of Bi,O3 and TiO, were taken in appropriate
stoichiometric amounts to prepare the composition of
(1 =x)(Bi,03)x(TiO,) for x=0.05, 0.10, and 0.15 by using
standard the solid-state reaction technique. The purity of the
oxides was greater than 99.9%. Appropriate quantities of
required constituent oxides of high-purity fine powders were
thoroughly mixed in the presence of acetone for 2 h using a
mortar and a pestle and dried in air. This mixture was heated
at 700 °C for 4 h in air using a recrystallized alumina crucible
and slowly cooled to room temperature. The calcined powder
was ground and cold pressed after applying 13 kN/cm?
pressure on pellets of 15 mm diameter and 2 mm thickness
by adding poly(vinyl alcohol) as a binder. All the green
pellets were sintered at 790 °C for 12 h in air followed by
furnace cooling to avoid the volatization of Bi,O;. The
density of the sintered samples was measured by Archime-
des’s method. Silver paste was used on both sides of pellets as
electrodes to carry out dielectric measurement by the
spring loaded two probe method in the temperature range
of 100-500 °C. Dielectric response was measured using an
Agilent 4284A analyzer which can cover a frequency range
from 20 to 10° Hz. All the measurement is performed in air
at the heating rate 5°C/min with temperature stability
+1°C. SEM was done on the fractured surface of the
samples using a JEOL JSM-6510 LV equipment, respectively.
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3. Results and discussion
3.1. Dielectric characterization

It has been confirmed by X-ray diffraction pattern that the
Bi,_,Ti,Os,p» system exhibits a single-phase Bi;;TiOy
(BTO) in x=0.15. Contrary to this, samples with x<0.15
have a mixed phase viz BTO and monoclinic o-Bi,O3 as
secondary phase. These results have been reported in our
earlier report [15].

Fig. 1(a, b) shows the microstructure of Bi,_,Ti,O3 v
(x=0.10 and x=0.15) sintered at 790 °C for 12 h. Sintered
samples showed dense and uniform microstructure. Density
of sintered samples obtained is more than 90% of the
theoretical density. By comparing Fig. 1(a) and (b), it can
be seen that at low doping concentration of Ti the second
phase (Bi;O3) acts as a grain growth inhibitor and the
grains look like spherulitic in nature as shown in Fig. 1(a).
On the other hand, higher substitution of Ti leads to good
grain growth with uniform and regular grains (Fig. 1(b)).
Higher grain growth can be possible due to faster
diffusion of Ti** ions as compared to Zr** ions [16].
Room temperature dielectric constant (¢') as a function of
frequency (100-10° Hz) for x=0.05, 0.10 and 0.15 samples
are shown in Fig. 2. It was observed that ¢’ shows frequency
independent behavior above 10 kHz particularly, for the
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Fig. 1. Scanning electron micrographs of Bi,_ ,Ti,O3 . (a) x=0.10 and (b) x=0.15 samples.
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x=0.10 sample. But frequency independent behavior for
x=0.05 sample was observed above 100 kHz. Interestingly,
the x=0.15 sample show frequency independent behavior
throughout the testing frequency range as can be seen from
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Fig. 3. ¢ as a function of frequency for the Bi,_,Ti,O3, 5 system at
400 °C.
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Fig. 2. The highest dielectric constant is observed for
x=0.05 sample. It may be ascribed due to lower grain
size, higher oxygen vacancies and higher defects in this
sample.

The frequency dependence of dielectrics constant (&) at
400 °C is shown in Fig. 3 for x=0.05, 0.10 and 0.15
samples. From Fig. 3, it is clear that the frequency
independent behavior of ¢ shifts towards a higher-
frequency range above ~10° Hz in all the samples. The
¢ values of Ti doped sample in the low-frequency range
were anomalously large and showed step-like behavior for
all samples. The increment in dielectric constant with
respect to frequency at a higher temperature (400 °C) is
due to dominating interfacial polarization as compared to
the orientation polarization. However, interfacial polariza-
tion is more pronounced in the x=0.05 sample.

The frequency dependences of real permittivity (¢') and
dielectric loss (tan J) of Bi,_,Ti O34y in a temperature
range from 250 to 500 °C are shown in Fig. 4 for x=0.10
and x=0.15. It has been observed that Ti substitution for
Bi reduced the dielectric constant. It is due to substitution
of highly polarized bismuth ions with less polarized Ti**
ions in the cation sub-lattice because Shirao et al. [17]
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Fig. 4. Frequency dependent (a, c) real permittivity &' and (b, d) tan 6 of Bi,_  Ti\O3 4 > for x=0.10 and 0.15 respectively at different fixed temperatures.
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observed that the polarization is proportional to the cube
of ionic radius of the constituent’s cation.

So, the dielectric constant of doped cubic bismuth oxide
decreases with increasing concentration of less polarized
Ti** cation, which is clear from the measured lower
dielectric constant of the monophasic x=0.15 as compared
to x=0.10 sample. It can be related to larger grain size of
the x=0.15 sample. Similar results have been reported by
Kiran et al. for the (Zn,Mg)TiO; system [10]. Additionally,
the lower Ti substituted sample exhibits higher interfacial
polarization as compared to the x=0.15 sample.

The decay of the dielectric constant becomes more
diffuse and shifts to lower frequency range with decreasing
temperature as given in the inset of Fig. 4. With increasing
temperature, a high degree of dispersion of the permittivity
curve is observed at lower frequency ( < 10 kHz), which is
related to storage of several charge carriers (Bi,O3) at the
grain boundaries, causing a conduction process or other
defects [18,19]. This type of behavior has been reported in
dielectrics [20]. There is an increase in magnitude of the
dielectric constant observed with decreasing frequency at
low frequencies. Sarkar and Nicholson [21] suggested that
the large ¢ values at lower frequencies were due to an
electrolyte—electrode interfacial polarization process. At
higher frequencies, dielectric constant decreases slowly
and the maximum peak shifts to higher frequency as the
temperature increases. Therefore, in a higher-frequency
region dielectric constant follows non-Debye behavior
"', In the low-frequency region, the ions jump in the
applied field direction and pile up at the high energy
barrier sites. This results in increase of capacitance in the
applied field direction. At high frequencies, the periodic
reversal of the field takes place so rapidly that there are no
excess ion jumps in the field direction. The capacitative
effect disappears at high frequencies, which reduces the
contribution of charge carriers to the dielectric constant.
It can be seen that there is a decrease in ¢ with increase in
frequency. The imaginary parts of permittivity (¢”) as a
function of frequency for Bi,_,Ti, O34 » (x=0.05, 0.10,
0.15) at temperature 500 °C are presented on a logarithmic
scale in Fig. 5. The straight linear lines represent the
theoretical fit based on the Johnscher-law [22] as follows:

¢'(w) = const. x " (1)

The magnitude of the exponent (n) can be considered to
be very small, reflecting the level of non-ideality for the
capacitance. So, the deviation of capacitance from the
ideal behavior with increase in Ti** concentrations is a
clear evidence of the existence of intrinsic defects [11,23].

The higher value of dielectric constant at lower fre-
quency might be related to space charge polarization
caused by impurities and crystal defects. In the present
samples, the x=0.05 sample exhibits the highest dielectric
constant due to the small grain size and higher number of
grain boundaries (surface defects) as seen in Fig. 1(a, b).
In our earlier reports, it has been observed, the presence of
secondary phase impedes the grain growth; particularly
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Fig. 5. Plots of universal dynamic response for Bi, _ (Ti, O3 (» (x=0.05,
0.10, 0.15) at temperature 500 °C.

x=0.05 and x=0.10 samples may lead to a higher
dielectric constant as compared to the x=0.15 sample.
So, the presence of secondary phase affects the dielectric
constant by two ways. Firstly, the presence of secondary
phase impedes the grain growth as seen in Fig. 1(a) and
(b). Secondly, the presence of higher conducting secondary
phase may lead to decrease in the dielectric constant (o-
Bi,05). Ultimately, it may be responsible for the higher
dielectric losses in these samples.

The frequency dependences of dielectric loss tan ¢ at
different temperatures for x=0.10 and x=0.15 are shown
in Fig. 4. At lower Ti concentration (x<0.15) tand
increases due to the segregation of secondary phase at
the grain boundary, especially o-Bi,O3 which is known to
be conducting in nature [24]. The tan § versus frequency
curve exhibits a distinct relaxation peak in the low-
frequency region. It is clearly evident from Fig. 4 that
position of the dielectric loss peak shifts to higher fre-
quencies as the temperature increases. This phenomenon is
called thermal activated Debye-like relaxation. The relaxa-
tion process is determined by Debye-like relaxation time
given by wna.xT =1, where wp,ax 1S the maximum angular
frequency. The continuous increment in tangent loss with
decreasing frequency in the low-frequency region at lower
temperatures ( < 350 °C) is a consequence of dominating
ionic contribution [25] in x=0.05 and x=0.10 systems.
This type of drop in tand is not observed at a lower
temperature. This means that the Debye-relaxation does
not take place at a lower temperature [26].

The entire phenomenon as mentioned above is related to
actuation of a hopping type mechanism, i.e., a small
polaron hopping with a gradual decrease of electron—
lattice coupling [27]. The effect of Ti- substitution on the
dielectric behavior of the present samples can be clearly
seen in terms of maxima shifting toward higher-frequency
region, peak broadening and asymmetry in the peak. The
shifting of maxima toward the higher-frequency region
with increasing concentration of dopant indicates decrease
in the relaxation time. As the concentration of Ti-
substitution increases, the increase in the broadening and
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asymmetry of the peaks suggests that there is an increase in
the distribution of relaxation times [28]. According to the
dielectric theory, the activation energy for dielectric relaxa-
tion could be calculated from the dielectric loss factor &”.
However, in the present oxide system, the loss factor (¢”)
cannot give any idea of the dielectric relaxation process as
also reported for many other oxide systems because it is
attributed entirely to dc-conductivity which is usually
dominant at high temperatures and low frequencies
[29-33]. Therefore, the activation energy for the relaxation
will be estimated by considering that the loss factor ¢’ is
proportional to tan J [34].

The activation energy for relaxation can be calculated by
the following Arrhenius equation:

=1 exp (f_T) 5

where 7, is a pre-exponential factor, k is the Boltzmann
constant, 7'is the temperature at which the relaxation peak
has a maximum and E, is activation energy required for
the dielectric relaxation process. As shown in Fig. 6, the
slope of the curve gives the activation energy. The activa-
tion energies (E,) are 0.88 eV and 1.14 eV for x=0.10 and
x=0.15, respectively. Higher E, for x=0.15 is due to
defect trapping influence, which can be associated to the
strong affinity of the oxygen vacancies with small and less
polarized Ti*" ions. It implies that there is a decrease in
mobile oxygen vacancies with increased concentration of
TiO,. In other words, it may be occurring due to ordering
of oxygen vacancies as observed in many systems [15].
Additionally, it is also reported that Ti ions are more
effective in trapping oxygen vacancies [35]. Clearly, the
activation energy from relaxation conduction is nearly
equal to that of our earlier study [15]. The difference in
the activation energies obtained from the two different
methods is due to the difficulty in distinguishing the bulk
and grain boundary contribution of the samples [5].
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Fig. 6. Arrhenius relations Int vs. 1/T for Bi>_,Ti\O34.p (x=0.10
and 0.15).

3.2. Temperature and frequency dependences of dielectric
constant

Fig. 7 shows the temperature dependence of the dielectric
constant of Bi,_,Ti,O3, » with various values of x. The
dielectric constant decreases with increase in doping concen-
tration of Ti. The value of the ¢ initially remains constant as
the temperature rises up to a particular point 7, From the
graph, it is also clear that the value of 7, increases with
increase in Ti concentration. This may arise due to the
presence of orientation and space charge polarization dom-
inantly [36]. Additionally, 7, temperature decreases with
increasing frequency for the same composition. This type
of behavior might be attributed to low frequency as the
dipoles are able to follow the applied field due to the slow
process of orientation and space polarization as compared to
ionic and electronic polarizations [37].

3.3. Electric modulus

Macedo et al. [38] introduced the electric modulus to
study space charge relaxation phenomena. The effect of
conductivity can be highly suppressed when all the data are
presented in the form of electric modulus. Physically, the
electric modulus corresponds to the relaxation of the
electric field in the material when the electric displacement
remains constant. Electric modulus represents the real
dielectric relaxation process, which can be expressed as
M*= 1/¢". The value of M’ and M” can be evaluated by
using the following relation:

&(w)

g/l(w)
&) +&" ()
3)
The frequency dependences of M” at various tempera-
tures which are calculated using Eq. (3) are shown in
Fig. 8. The relaxation peaks for M”(w) shift to a higher-

frequency region with increasing temperature. The shifting
in peaks indicates the transition from a short range to long
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Fig. 7. ¢ measured at 10 kHz for the composition Bi,_  Ti O3 .
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Fig. 8. Frequency dependence of M” for Bi,_,Ti, O3, . (x=0.10 and 0.15) at various temperatures.

range mobility with decreasing frequency. It means that
the relaxation rate for this process decreases with increas-
ing temperature. The presence of peaks in the high-
frequency region indicates that the ions are spatially
confined to their potential wells and can execute only
localized motion [39]. It has been observed that the height
of the modulus peak increases with increase in Ti concen-
tration in the present sample. This may be correlated with
low capacitance value in the x=0.15 sample. This result is
in good agreement with the data given in Fig. 5. The most
probable conductivity relaxation time 7 is calculated from
the peak frequency f,,.. using the relation: 2xf,, ..t =1.
It is observed that they closely follow the Arrhenius law

EaM
o ) )

TM =ToM exp(

Based on the high-temperature data, the activation
energies for conduction processes are 0.99 ¢V and 1.1eV
with 19 2 =& 107" s for x=0.10 and x=0.15, respectively.
This data clearly indicates that Ti doping increases the
activation energy of the dielectric relaxation. In contrast to
this, it decreases the conduction process.

It is interesting to note that the activation energy
obtained from tan § curves represents the localized con-
duction (dielectric relaxation) whereas the activation
energy obtained from M” represents nonlocalized conduc-
tion (long range conduction). Interestingly, the activation
energies obtained from the two different methods are
almost the same, which indicates that the chemical natures
of conduction species are the same [40]. Moreover, it is
clear from the calculation that the activation energies of
the localized and nonlocalized conduction decrease with
increase in Ti concentration in the Bi,O3 system.

It is well known that many dielectric relaxation pro-
cesses can be described by the modified Debye model, i.e.,
the Cole—Cole’s equation as follows:
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Fig. 9. Cole—Cole plot of complex electric modulus of Bi,_ Ti\O3 4y at
400 °C.

where g is the static permittivity, ¢, is the permittivity at
high frequency, w is the angular frequency, 7 is the mean
relaxation time, and « is the angle of the semicircle arc or
dispersion angle. The data fit according to Eq. (5), by
which the parameter o calculated is shown in Fig. 9. The
value of o represents the deviation from an ideal Debye
model. Additionally, it also gives an idea of the interaction
between the dipoles. The obtained value of « for the
sample x=0.15 is very close to zero which suggests a
behavior close to that of the state of a single relaxation
time for the dipoles. This factor « is also well known to be
related with the interaction of charge carriers during the
conduction processes. In this way, this should be higher
when several charges accumulate at the grain boundaries
[18]. In the current systems, the amount of conducting
Bi>O; phase decreases along the grain boundary, which is
why the value of « is lower at higher value of x. So, it is
clearly indicated that high concentration of Ti leads to
ideal Debye model conditions. Obviously, x=0.15 system
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in single phase materials are responsible for this type of
behavior.

4. Conclusion

The dielectric constant at room temperature is higher in
the x=0.05 sample due to higher defects and smaller grain
size. On the other hand, the x=0.10 sample shows the
lowest dielectric constant among all the present samples.
The dielectric constant decreases with increasing tempera-
ture in the x=0.15 sample. But the dielectric constant
increases with the increase in temperature for x=0.10 and
x=0.05 samples. It indicates that x=0.15 is predominantly
governed by the orientation polarization phenomenon.
High Ti substitution for Bi sample leads to the ideal
Debye model. At room temperature, the ¢ is frequency
independent, particularly in the x=0.15 sample. This
sample can be used for wide frequency based applications.
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